Mesophilic and psychrotrophic populations from refrigerated meat were identified in this study, and the spoilage potential of microbial isolates in packaged beef was evaluated by analyzing the release of volatile organic compounds (VOC) by gas chromatography-mass spectrometry (GC/MS). Fifty mesophilic and twentynine psychrotrophic isolates were analyzed by random amplified polymorphic DNA-PCR, and representative strains were identified by 16S rRNA gene sequencing. Carnobacterium maltaromaticum and C. divergens were the species most frequently found in both mesophilic and psychrotrophic populations. Acinetobacter baumannii, Buttiauxella spp. and Serratia spp. were identified among the mesophilic isolates, while Pseudomonas spp. were commonly identified among the psychrotrophs. The isolates were further characterized for their growth at different temperatures and their proteolytic activity in vitro on meat proteins extracts at 7°C. Selected proteolytic strains of Serratia proteamaculans, Pseudomonas fragi, and C. maltaromaticum were used to examine their spoilage potential in situ. Single strains of these species and mixtures of these strains were used to contaminate beef chops that were packed and stored at 7°C. At time intervals up to 1 month, viable counts were determined, and VOC were identified by GC/MS. Generally, the VOC concentrations went to increase during the storage of the contaminated meats, and the profiles of the analyzed meat changed dramatically depending on the contaminating microbial species. About 100 volatiles were identified in the different contaminated samples. Among the detected volatiles, some specific molecules were identified only when the meat was contaminated by a specific microbial species. Compounds such as 2-ethyl-1-hexanol, 2-buten-1-ol, 2-hexyl-1-octanol, 2-nonanone, and 2-ethylhexanal were detectable only for C. maltaromaticum, which also produced the highest number of aldehydes, lactones, and sulfur compounds. The highest number of alcohols and ketons were detected in the headspace of meat samples contaminated by P. fragi, whereas the highest concentrations of some alcohols, such as 1-octen-3-ol, and some esters, such as isoamyl acetate, were produced by S. proteamaculans. In conclusion, different microbial species can contribute to meat spoilage with release of different volatile compounds that concur to the overall quality decrease of spoiling meat.
The storage of food using low temperatures is by far the most commonly used measure of preservation in fresh foods production and distribution. Meat is recognized as one of the most perishable foods, and refrigeration temperatures are always used to delay the spoilage of fresh meat. The low temperatures are used for the storage of carcasses after slaughter, subprimal cuts and during transport of meat to the distributors, and finally for the storage of meat at the various retail sites. During all of these phases the chill temperature is used to delay meat alteration through the development of spoilage bacteria.
The development of organoleptic spoilage is related to microbial consumption of meat nutrients, such as sugars and free amino acids and the release of undesired volatile metabolites. In chill-stored meat these activities may be performed at low temperatures by psychrotrophic bacteria, compromising the sole effect of temperature as affecting preservation.
Different spoilage species and strains can colonize the meat surface through different stages involving adsorption to the meat surface (7, 18) and attachment by glycocalix formation (9) . The development of these phases depends on the intrinsic and extrinsic ecological factors of a particular meat ecosystem such as pH, meat surface morphology, O 2 availability, the presence and development of other bacteria and, most of all, temperature (10, 11, 19, 26, 28, 32, 33, 47, 49) .
Many groups of organisms contain members potentially contributing to meat spoilage under appropriate conditions. This makes the microbial ecology of spoiling raw meat very complex, and thus the spoilage is very difficult to prevent.
Bacteria developing on meat at chill temperatures are regarded as psychrotrophic. They belong to microbial genera of both gram positive, such as lactic acid bacteria, and gramnegative bacteria, such as Pseudomonas spp. and Enterobacteriaceae (21, 24) . Species of Pseudomonas are particularly involved in the spoilage of meat stored at chill temperatures (15, 30, 33) . In particular, the microflora of vacuum packaged chillstored meat is characterized in most cases by psychrotrophic lactic acid bacteria (4, 10, 23, 48, 54, 55) .
Spoilage development is a complicated biological event, which needs to be studied at the species and biotype level. Certain microbial taxa may be differently influenced by the specific storage conditions, and different microbial species may unpredictably develop during meat storage, thus influencing the time and type of spoilage development (14) . There is still a need to assess, within each spoilage group, which species are actually involved in the spoilage of meat. Such a role in chilledmeat spoilage strongly depends on the spoilage activities of psychrotrophic bacteria capable of growing in meat releasing undesired metabolic compounds mainly arising from nutrient degradation at low temperatures. In addition, studies on the correlation between spoilage-related molecules release and development of specific microbial species during meat storage are still not available.
The aim of the present study was to describe the microbial diversity of mesophilic and psychrotrophic bacteria isolated from meat and to investigate the spoilage potential of the identified microbial taxa both in vitro and in packaged beef chops.
MATERIALS AND METHODS
Meat samples and isolation of bacteria. In order to assess the diversity of mesophilic and psychrotrophic bacteria from meat and to have a source of isolation of strains to be evaluated for their spoilage potential, four portions (500 g each) of vacuum-packed (polyamide [20 m 2 ) from each muscle were aseptically weighed and homogenized in 225 ml of one-quarter-strength Ringer's solution (Oxoid) for 2 min in a stomacher (LAB blender 400; PBI, Italy) at room temperature. Decimal dilutions were prepared in the same solution, and aliquots of 0.1 ml of the appropriate dilutions were plated in triplicate on plate count agar (PCA; Oxoid) and incubated aerobically at 30°C for 72 h and 7°C for 10 days for the enumeration of mesophilic and psychrotrophic bacteria, respectively. After viable counts, colonies present on the countable plates were randomly isolated and purified on PCA plates. The purified isolates were preliminary characterized by microscopic observations and Gram, catalase, and oxidase reactions. Working cultures were maintained in tryptic soy broth with 25% glycerol at Ϫ20°C.
PCR amplifications. DNA extraction from 79 isolates was carried out with a loopful of grown culture on PCA according to the method of Marmur (40) . After the extraction, the DNA was quantified by measuring the absorbance (260 nm) by a spectrophotometer (DU640; Beckman Instruments, Inc., Fullerton, CA). In order to reduce the number of isolates to be identified by 16S rRNA gene sequencing, the DNA extracted was subjected to random amplified polymorphic DNA (RAPD)-PCR for biotype screening among the isolates, and then the 16S rRNA gene of different biotypes was sequenced for taxonomic identification.
The primer XD5 (5Ј-CTGGCGGCTG-3Ј) was used for RAPD-PCR analysis; previous experiments had shown good discrimination power of this primer for strains of the same species of both yeast and bacteria (12, 16, 17) . PCRs were carried out in 25 l of reaction mix containing 1ϫ Taq polymerase buffer (Invitrogen, Milan, Italy), 2.5 mM MgCl 2 , each deoxynucleoside triphosphate at a concentration of 0.4 mM, a 1.08 M concentration of the primer, 2.5 U of Taq polymerase, and 20 ng of the extracted DNA. PCR was carried out in a programmable heating incubator using an initial denaturation step at 94°C for 1 min, followed by 40 cycles of 1 min at 94°C, 1 min at 31°C, and 2 min at 72°C per cycle. Finally, a 7-min extension period at 72°C was performed. The amplified products (25 l) were resolved by electrophoresis on 1.5% (wt/vol) agarose-Tris-borate-EDTA at 7 V cm Ϫ1 for 2.5 h. A 1-kb DNA ladder (Invitrogen) was used as a molecular weight marker.
In order to amplify the 16S rRNA gene, the oligonucleotide primers described by Weisburg et al. (63) fD1 (5Ј-AGAGTTTGATCCTGGCTCAG-3Ј) and rD1 (5Ј-AAGGAGGTGATCCAGCC-3Ј) (Escherichia coli positions 8 to 17 and 1540 to 1524, respectively) were used. The PCR mixture (final volume, 50 l) contained 1 l (20 ng) of template DNA, each primer at a concentration of 0.2 M, each deoxynucleoside triphosphate at a concentration of 0.25 mM, 2.5 mM MgCl 2 , 5 l of 10ϫ PCR buffer, and 2.5 U of Taq polymerase (Invitrogen). PCR conditions consisted of 30 cycles (1 min at 94°C, 45 s at 54°C, and 2 min at 72°C) plus one additional cycle at 72°C for 7 min as a final chain elongation.
16S rRNA gene sequencing. PCR products from the 16S rRNA gene (1.6 kb), obtained from isolates, were purified by using a QIAquick PCR purification kit (Qiagen) according to the supplier's instructions. The DNA sequence was determined by the dideoxy chain termination method by using the primer couple above described (63) . Research for DNA similarity was performed with the National Centre of Biotechnology Information GenBank (1) .
Growth at different temperatures. Representative strains of the different RAPD-PCR biotypes were characterized by their ability to grow at different temperatures. The test was performed by streaking a microbial suspension (with an optical density at 600 nm of 0.3) on PCA plates. Three plates were inoculated with each culture, followed by incubation at 7, 20, or 30°C. Growth was evaluated by observing a full biomass development along the streaking point.
Proteolytic activity in vitro at 7°C. The proteolytic activity of the strains was determined after growth on agar media containing meat myofibrillar protein extracts. Lean minced beef (20 g) was diluted 1:10 (wt/vol) with 20 mmol of phosphate buffer (pH 6.5) liter Ϫ1 , homogenized in a Stomacher 400 blender for 3 min, and centrifuged at 16,000 ϫ g for 20 min at 4°C. The resulting pellet was used for myofibrillar preparation as described by Sanz et al. (53) . It was resuspended in 200 ml of 0.03 mol of phosphate buffer (pH 7.4) liter Ϫ1 containing 0.1% (vol/vol) Triton X-100 and homogenized for 2 min in a Stomacher 400 blender. After centrifugation at 16,000 ϫ g for 20 min at 4°C, the pellet was washed three times by resuspension in the same buffer to remove muscle proteases. The resulting pellet was weighed and resuspended in 9 volumes of 0.1 mol of phosphate buffer (pH 6.5) liter Ϫ1 containing 0.7 mol of KI liter Ϫ1 . After Stomacher homogenization for 8 min, the suspension was centrifuged at 10,000 rpm for 20 min at 4°C, and supernatant was diluted with water 10 times to avoid possible inhibition of bacterial proteases by the presence of KI. The extract was standardized at 5 mg of protein ml Ϫ1 by using a Bradford protein assay (Bio-Rad, Milan, Italy), filter sterilized (0.22-m pore size), and added at concentration of 1 mg ml Ϫ1 to an agar medium consisting of 0.5% tryptone, 0.25% yeast extract, 0.1% glucose, and 1.5% agar (pH 6.9) and then poured into petri dishes. After solidification of the medium, 50 l of a 24 h culture broth of each strain were spotted in wells bored in the agar plates that were incubated at 7°C for 1 week. After incubation, the agar plates with proteins were removed from petri dishes and stained for 5 min in 0.05% (wt/vol) Brilliant Blue R (Sigma) in methanolacetic acid-distilled water (50:10:40) . After destaining in methanol-acetic acidwater (25:5:70), the presence of a clear zone surrounding the inoculated wells indicated proteolytic activity (42) .
Meat contamination and storage under vacuum at 7°C. The strains Serratia proteamaculans 42M, Pseudomonas fragi 25P, and Carnobacterium maltaromaticum 9P were selected for their proteolytic activity at 7°C as described above described and used for the spoilage assays in vacuum packaged meat as follows. An entire muscle (Longissimus dorsi) was surface sterilized by flaming, and the external part was removed by a sterile bistoury in order to achieve a superficial decontamination. Cubical meat chops (ϳ40 g) were cut from the internal part of the muscle and were spiked with a strain suspension in 200 ml of quarter-strength Ringer's solution (Oxoid) of the above strains at a concentration of 10 7 CFU ml Ϫ1 . The contamination was performed by using the above strain singly or a combination of the three strains at the same concentration; uninoculated meat chops were included as a control. The chops were dried on a sterile cloth for 1 min, vacuum packed in a plastic film bag (coextruded, low-density polyethylene [ h Ϫ1 at 23°C) and stored at 7°C for 30 days. The meat chops were packed singly; three packages were opened for microbiological and three for chemical analyses, respectively, at each time of sampling.
After 0, 5, 15, and 30 days of storage, samples from each package were aseptically weighed and homogenized in quarter-strength Ringer's solution (Oxoid) for 2 min in a stomacher (LAB blender 400; PBI, Italy) at room temperature. Decimal dilutions were prepared in Ringer's solution, and aliquots of 0.1 ml of the appropriate dilutions were spread in duplicate on the following media: PCA (Oxoid) incubated at 20°C for 48 h for the enumeration of total aerobic bacteria; violet red bile glucose agar (Oxoid) for the Enterobacteriaceae, incubated at 30°C for 24 to 48 h; CTSI agar (62) incubated at 20°C for 1 week; and Pseudomonas agar with cetrimide-fucidin-cephaloridine selective supplement (Oxoid) for Pseudomonas, incubated at 25°C for 48 h. The results were calculated as the mean log CFU/g for three determinations. The data of the three repeated trials were analyzed by analysis of variance (Systat Software, v. 5.2.1 for Mac) in order to verify the differences between the samples during the storage.
VOC determination by GC/MS. Chemical analyses were performed after 0, 15, and 30 days of storage. A headspace (HS) solid-phase microextraction (SPME) analysis was carried out on 5 g of meat from the chopped samples; the meat was homogenized in 100 ml of water, and 30 g of NaCl and placed in a hermetically closed vial (150 ml). The fiber (CAR/DVB/PDMS; Supelco Sigma-Aldrich, Bornem, Belgium) was immersed in the HS for 1 h at room temperature. Thermal desorption of the analytes from the fiber inside the GC injection port was carried out in the split mode (1/10) at a desorption temperature of 250°C for 1 min. All samples were analyzed with an HP6890 coupled to a 5973N quadru-VOL. 75, 2009 PSYCHROTROPHIC BACTERIA IN BEEF SPOILAGE 1991 pole HP mass spectrometer (Agilent Technologies, Santa Clara, CA). The gas chromatograph was equipped with an HP-5ms capillary column (30 m by 0.25 mm [inner diameter]), and the carrier gas used was helium (1 ml min Ϫ1 ). For the analysis of volatile compounds the GC oven temperature was programmed from 40°C (held for 7 min) to 180°C at 5°C/min. The masses were scanned on m/z range of 45 to 350 amu. For the identification of volatile components, the NIST library and/or comparison with spectra and retention times of standards were used.
The quantitative determinations were carried out through calibration in the matrix in the range of verified linearity; multiple replicates (n ϭ 3 to 6) of the samples were analyzed.
RESULTS
Isolation and identification of mesophilic and psychrotrophic bacteria from meat. The eight meat samples stored for 10 days under vacuum showed viable counts determined on PCA ranging from 7.0 ϫ 10 5 to 5.8 ϫ 10 6 CFU g Ϫ1 for mesophilic bacteria and from 1.1 ϫ 10 6 to 2.5 ϫ 10 7 CFU g Ϫ1 for psychrotrophic bacteria. The number of psychrotrophic bacteria was, on average, 1 log cycle higher than mesophilic bacteria in each sample. After purification and preliminary characterization, 79 isolates were subjected to DNA extraction and RAPD-PCR typing in order to identify copies of the same strains and reducing the number of isolates to identify by 16S rRNA gene sequencing. A total of 50 mesophilic and 29 psychrotrophic isolates were analyzed by RAPD-PCR, obtaining 25 different profiles for mesophilic (Table 1 ) and 19 for psychrotrophic bacteria (Table 2) . One representative strain for each RAPD profile was identified by 16S rRNA gene sequencing, and the results are shown in Tables 1 and 2 . The mesophilic bacteria belonged to 15 species of nine different genera (Table 1) , while 10 species of eight genera were identified among the psychrotrophic bacteria (Table 2) . Carnobacterium maltaromaticum and C. divergens were the species most frequently found in both mesophilic and psychrotrophic populations. Acinetobacter baumannii, Buttiauxella spp. and Serratia spp. were also identified among the mesophilic isolates (Table 1) , while Pseudomonas spp. were commonly identified among the psychrotrophs (Table 2). Remarkably, more RAPD biotypes of the same species were found among the isolates of the same group. In addition, strains of the same species found both in mesophilic and psychrotrophic bacteria displayed completely different RAPD-PCR profiles (Tables 1 and 2) .
Growth trials and proteolytic activity. The results of growth at different temperatures of mesophilic and psychrotrophic bacteria are reported in Tables 1 and 2 , respectively. Most of carnobacteria grew at 7°C in 5 days-both the strains isolated as mesophilic bacteria and those isolated as psychrotrophic bacteria. However, the strains isolated as psychrotrophic grew very slowly at 30°C compared to the mesophiles that could grow in 24 to 48 h at the same temperature (Tables 1 and 2) . Serratia proteamaculans strains 37M and 42M grew at 7°C in 1 and 2 days, respectively. Almost all of the mesophilic bacteria grew in 4 to 5 days at 7°C but took only 24 h to grow at 20 and 30°C (Table 1 ). In contrast, most of the psychrotrophic Pseudomonas strains could grow in 3 days at 7°C but showed no growth at 30°C in 10 days ( Table 2) .
The results of the proteolytic activity at 7°C tested on agar plates containing a microfibrillar beef extract are also reported in Tables 1 and 2 . Only C. divergens 17M, S. proteamaculans 42M, and Stenotrophomonas maltophilia 49M among the meso- (Tables 1  and 2 ). Inoculated meat storage under vacuum at 7°C. The results of the viable counts of the meat chops contaminated with the selected strains and stored under vacuum at 7°C are shown in Table 3 . The initial removal of the external part of the meat, performed to achieve decontamination, resulted in a total microbial load lower than 10 3 CFU g Ϫ1 , with viable counts ranging from 10 to 10 2 CFU g Ϫ1 of the targeted microbial groups ( Table 3 ). The initial contamination of the artificially spiked chops was between 10 4 and 10 5 CFU g Ϫ1 for all of the strains inoculated singly or in a mix. In the control sample, all of the targeted microbial groups reached values above 10 4 CFU g
Ϫ1
at the end of storage. In the contaminated samples the initial load of the inoculated bacteria increased during the 30 days of refrigerated storage, with the highest increase shown by the carnobacteria (Table 3) . Random isolates from countable plates for each series of samples were subjected to DNA extraction and RAPD-PCR analysis as described above, and the Table 4 . Overall, the uncontaminated control samples displayed a reduced diversity and amount of volatile compounds compared to the inoculated samples. Some metabolites (e.g., 2-hexyl-1-octanol and 2-hexyl-1-decanol) were detected already at time zero, and since they did not occur in the control samples they likely arose from the residues of growth media of the cultures used for the contamination (Table 4 ). In all of the contaminated samples the diversity of the VOC and their concentration increased during the time of storage. This is particularly evident for samples contaminated by S. proteamaculans 42M; some molecules, such as 1-octen-3-ol, ethyl decanoate, and isoamyl acetate, were detected only after 30 days, while ethyl octanoate, present only in minimal traces at time zero, increased during the storage time (Fig. 1) .
Qualitative data reported in Table 4 indicated that each contamination resulted in complex and specific VOC profiles of the meat during the chill storage, and the diversity of the samples contaminated by the different cultures after 30 days of storage is shown in Fig. 2 . Beef chops contaminated with S. proteamaculans 42M were characterized by the presence of alcohols such as 1-octen-3-ol, and some esters, such as ethyl hexanoate, ethyl octanoate, ethyl nonanoate, ethyl decanoate, and isoamyl acetate, at the end of the storage time (Table 4 and Fig. 2b ). In addition, 1-propanthiol was detected after 15 and 30 days. The samples contaminated by P. fragi 25P displayed the highest diversity in ketones and higher-molecularweight alcohols after 15 days of storage (Table 4 ). The same samples did not show the presence of esters except for ethyl formiate; in addition, some aldehydes such as 2-buthyl-octenale and 10-undecenal, occurred only in these beef samples ( Table 4 ). The meat contaminated by C. maltaromaticum 9P was the richest in alcohols displaying 17 different molecules, 13 of which were detected after 15 days and 7 of which were detected after 30 days, respectively (Table 4) . Some of these alcohols, such as 2-ethyl-1-hexanol, 2-buten-1-ol, and 2-hexyl-1-octanol, along with 2-nonanone and 2-ethylhexanal, were not present in the other contaminated samples (Table 4 and Fig.  2c ). Carbon disulfide and 1-propanthiol also generated during the storage of meat spiked with C. maltaromaticum 9P. Most of the molecules occurring in the samples contaminated with the mix of strains could also be detected in the samples contaminated by a single strain (Table 4) . However, in the mixinoculated samples, a general decrease of metabolites was observed in comparison to the other inoculated samples (Fig. 2 and Fig. 3 ).
Some volatiles detected in the mix-inoculated samples could be considered strain molecular markers since they were detected only in meats contaminated by one strain among the three considered ( Fig. 2 and Table 4 ). Among others, 2-ethyl-1-hexanol was detected, in addition to the mix-inoculated sample, only in samples contaminated by C. maltaromaticum 9P; decanal was found only in 25P-and mix-inoculated samples; and ethyl decanoate was detected only in 42M-and mix-inoculated samples (Fig. 2) . In addition, 2-nonanone and 2-ethylhexanal were observed only in the 9P-inoculated samples at 15 days, which is also the sample with the highest quantity of 2-ethyl-1-hexanol (Table 4 and Fig. 3 ). Isoamyl acetate was detected only in the 42M-inoculated sample at 30 days, which is also the sample with the highest quantity of isoamyl alcohol (3-methyl-1-butanol) (Fig. 2 and Table 4) . A cumulative effect in the production of volatile metabolites by the strains in the mix-inoculated samples, and a consequent increase of their related detected quantities, appeared only for some compounds. For example, the quantity of nonanal was higher in the mix-inoculated than in the singly inoculated samples at 30 days (Fig. 2) . Moreover, among 3-hydroxy straight-chain fatty acids, which occur in Pseudomonas and Serratia spp. as major acyl component of lipolysaccharides in cell walls (31) , the 3-hydroxydodecanoic acid was detected only in the mix at 30 days, possibly as a result of its production by both species in the mix (Table 4) .
Quantitative indications obtained for some representative volatile metabolites are reported in Fig. 3 . During the storage time, an increase in the content of these volatile metabolites was observed for the analyzed meat samples. However, for some samples a decrease in the content of some metabolites was observed between 15 and 30 days. For example, 2-ethyl-1-hexanol, 1-octen-3-ol, hexanal, nonanal, 2-nonanone, and ethyl esters decreased in 9P-inoculated samples between 15 and 30 days (Fig. 3) .
DISCUSSION
In this work, the microbial diversity of mesophilic and psychrotrophic bacteria isolated from vacuum packaged beef was evaluated. The isolates were identified by 16S rRNA gene sequencing and biotyped by RAPD-PCR. For the numbering and isolation, a nonselective medium such as PCA was used, which is commonly used for the cultivation of mesophilic and psychrotrophic bacteria from foods (29) . A considerable microbial diversity, including enterobacteria, pseudomonads, and carnobacteria, was found in both mesophilic and psychrotrophic groups of microorganisms, including taxa often recognized as spoilage agents (4, 14, 15, 21, 25, 33, 56, 58) . C. maltaromaticum and C. divergens, recognized as dominant spoilers of meat (35) , were isolated at both 30 and 7°C. Pseudomonas spp., except P. putida 39M, were commonly isolated only at 7°C, while enterobacteria were mainly isolated at 30°C. The biotype screening by RAPD-PCR was initially performed in order to reduce the number of isolates to be identified by sequencing. However, the results of the RAPD-PCR analysis of carnobacteria isolates highlighted that different biotypes of the same species were isolated as mesophilic or psychrotrophic bacteria, indicating that they may adapt to grow at very different temperatures. A high diversity was also noticed as result of the trials of growth at different temperatures, where the same species displayed different behaviors of growth at 7, 20, and 30°C. Overall, the mesophilic bacteria grew fast at 30 and 20°C and within 5 days at 7°C. In contrast, the psychrotrophic bacteria grew slowly or did not grow at all at 30°C, but most of the strains grew rapidly at 20°C and within 3 days at 7°C. Jay (29) proposed that, until general agreement can be reached, the psychrotrophs from meat and poultry products could be isolated after incubation at 7°C for 10 days. Our results corroborate this suggestion with the evidence that the main difference between the growth capability of mesophilic and psychrotrophic bacteria is the fact that the latter are disadvantaged in the growth at 30°C.
Although the role of bacteria in the development of spoilage-related molecules during meat storage is recognized, there is still a lack of available data on the VOC profiles of meat during storage and on the possible link to the microbial species acting as spoilage agents. Therefore, a further aim of the present study was to investigate the species-dependent composition of VOC released in meat during storage. Since the spoilage potential of bacteria is mainly related to their proteolytic activity, we chose the proteolytic isolates described above for the meat contamination and VOC monitoring experiments.
About 100 volatile molecules were detected in the HS of the analyzed samples. Although the analyses were performed on samples with an initial background microflora of about 10 2 CFU/g after decontamination, this microbiota did not affect the spoilage of meat with the release of VOC as its profiles were poor in molecules. Therefore, it can be assumed that the volatiles detected in the profiles of meat inoculated with the selected strains were produced by the strains themselves with no influence from the background microbial flora. There are several possible origins for these volatile metabolites, and the range of organic compounds that can be used as carbon and energy source by these bacteria is wide. Although it is difficult, and in some cases not possible, to attribute them to a specific biosynthetic pathway, some hypotheses can be made. 3-Methyl-1-butanol (isoamyl alcohol, which was present in an M42-inoculated sample at 30 days also as isoamyl acetate) could derive from the proteolytic activity of the strains and from leucine catabolism (57) . In fact, small-branched alcohols and aldehydes are key intermediates in the branched-chain amino acid catabolism, which can serve various purposes, such as the formation of branched-chain fatty acids for cell membrane synthesis in several microbial species (3, 44, 57) . Sulfur compounds usually arise from sulforated amino acids catabolism (2, 44) . Some methyl ketones such as 2-nonanone can derive from a lypolytic process but also from several other possible pathways, such as alkane degradation by Pseudomonas through a unique alpha-oxidation, with no change in the carbon skeleton (51, 59) . Methylketones are also formed by bacterial dehydrogenation of secondary alcohols, a reaction that appears to be part of the alkane oxidation sequence (37, 51) . Ethyl esters were formed through chemical esterification of alcohols and carboxylic acids following microbial esterase activity (60, 61) . Carboxylic acids deriving from hydrolysis of triglycerides and phospholipids (61) can also be an initial substrate for oxidation with the formation of final odorous products. For example, 2-nonanone, among the different possible metabolic pathways, can be formed through the beta-oxidation of decanoic acid derived from lipolysis and a in second step through beta-ketoacid decarboxylation (44) . Aldehydes, such as hexanal, nonanal, and decanal, and also alcohols, such as 1-octen-3-ol, can derive from hydrolysis of triglycerides or from amino acid degradation (44) . Some terpenols (such as linalool and some related compounds such as linalyl propanoate) appeared more abundant and frequent in 42M-inoculated samples compared to 9P-and 25P-contaminated samples ( Fig. 1 and Table  4 ). These differences could be also related to possible different metabolic pathways: it has been reported that terpenols (and long branched-chain alcohols also) can be degraded by some species of Pseudomonas, yielding metabolites identical to those found in the amino acid-specific pathways (41, 59) . Butylhydroxytoluene and 4-methylguaiacol usually derive from animal feeding (6), and phtalates can arise from packaging, while thiophenes derive from proteins and phospholipids (22) . Among the detected volatile molecules, some possible specific markers were identified. Compounds such as 2-ethyl-1-hexanol, 2-buten-1-ol, 2-hexyl-1-octanol, 2-nonanone, 2-ethylhexanal, for example, were detectable only for C. maltaromaticum, which produced also the highest number of aldehydes, lactones, and sulfur compounds, while the highest number of alcohols and ketones were detected in the HS of meat samples contaminated by P. fragi, and the highest concentrations of some alcohols (such as 1-octen-3-ol) and some esters (such as isoamyl acetate) were produced by S. proteamaculans. As a matter of fact, for a particular molecule to be regarded as a marker of spoilage development by a certain species, it should be produced by that species regardless of the strain. Therefore, further studies are necessary to investigate the release of volatile compounds in meat by different strains of the species analyzed here in order to support the possibility of using some of the metabolites as spoilage tracers.
Several volatile compounds found in the present study were also recently detected by SPME-GC/MS in cooked ham stored at 7°C in modified atmosphere packaging (36) . Only a few esters were found in the meat samples inoculated with P. fragi 25P, although several studies report on the esters as the major volatile compounds produced by P. fragi in spoiling foods (8, 13, 45) . However, Edwards et al. (13) evidenced that not all of the strains of P. fragi that they used to spoil meat at a chill temperature were able to produce esters. In addition, when six different species of Pseudomonas were screened for their activity in cheese, it was shown that the production of volatile compounds is species dependent (46) . In our case, esters were detected in samples contaminated by S. proteamaculans and C. maltaromaticum; several of them were also found in cured ham spoiled by enterobacteria (20) .
The VOC profiles obtained in the present study were complex, especially after the first 15 days of storage; therefore, a complexity of flavor release from our samples can be hypothesized. We did not use sniffing or sensory analysis in order to associate molecule identification with a possible role as offodors. However, several detected volatiles can be odor-active molecules, with odor threshold ranging between some units and several tens of ppm depending on the specific texture interactions, which in meat tend to increase in comparison to water (44) . Some of the detected molecules are indicated to cause possible off-odor in meat. 3-Methyl-1-butanol can be associated with a whiskey-like odor (34) . High quantities of hexanal (odor threshold in meat 0.015 ppm) can produce rancid, green leave off-flavor. Nonanal (pelargonium, rancid odor descriptor, threshold in oil of 1 ppm) (39) and 1-octen-3-ol (odor descriptor mushroom, threshold in oil of 0.0075 ppm) were also related to an unpleasant sensory answer (6) .
Studies based on MS techniques are still instrumental in understanding the basic metabolism of meat-associated bacteria. However, these kinds of studies may help to provide useful data for the interpretation of responses obtained from electronic nose analyses applied in the quality assurance and quality control for meat products. SPME-GC/MS has been often used for the analysis of cured or cooked meat products (22, 36, 38, 50, 52) . However, there is still a lack of available data on the chemical composition and structural identity of the volatile metabolites in the HS of raw meat samples kept under controlled conditions that can be related to species-specific microbial metabolism. Other authors have exploited proton transfer reaction-MS for the detection of VOC during meat spoilage (43) , to measure the effect of ozone treatment for pork preservation (27) , and have tried to correlate the viable counts with the volatile detection for an effective prediction of the spoilage dynamics (43) . According to our results, the volatile profiles may change according to the species and perhaps biotype development, making a monitoring of the spoilage much more difficult by VOC determination. Moreover, we demonstrated that the combination of different species may or may not result in a combined release of VOC because of species interaction VOL. 75, 2009 PSYCHROTROPHIC BACTERIA IN BEEF SPOILAGEduring meat storage. The proton transfer reaction-MS technique has been recently proposed for the on-line monitoring of volatile compounds produced by several bacteria (5), and it would be interesting to exploit this application to differently contaminated meats. For a better understanding of spoilage development, it is important to evaluate whether all of the microbial species and biotypes are equally responsible for the chemical changes associated to the spoilage of meat. Moreover, the availability of spoilage molecular markers could be useful for an effective analysis of the spoilage dynamics in studies aimed at developing the most suitable conditions for the prevention of quality loss and for the extension of fresh meat shelf-life.
